Design, modeling, and measurements are discussed for a new direct-drive, electromagnetic valve actuator (EVA) for internal combustion engines. The actuator offers greater dynamic performance than previous designs and achieves fully flexible valve timing and lift, which provides great benefits in engine performance including increased engine efficiency, reduced emissions, and improved low-end performance.
INTRODUCTION
A new actuator for the gas exchange valves of a multivalve multi-cylinder automotive engine has been fabricated, assembled, and demonstrated and is shown in Figure 1 . Bench top and cylinder head testing has been performed and the results will be presented and discussed, and are in close agreement with the modeling analyses. The system power requirements are low enough to be operable from a standard 12V automotive electrical system.
These results demonstrate the actuator achieves the desired power, force, and control performance requirements for fully flexible EVA. Fully flexible electromagnetic valve actuator.
In this paper, the designs, analyses and simulations are first discussed and then actuator measurements are described.
The analytical and computer modeling consisted of electromagnetic, electrical and mechanical designs and analyses, including lumped parameter bond graph analysis, and dynamic and finite element simulation. The measurements consisted of laboratory bench top, cylinder head, and baseline engine dynamometer measurements.
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Operation of the gas exchange valves is crucial to efficient operation of the internal combustion engine. Traditional fixed camshaft operation of the valves amounts to a one-size-fits-all approach to valve actuation, representing a static compromise over the changing engine operating conditions, particularly load and speed. Multi-step camshafts are improvements which offer distinct cam profiles employed as the engine operating conditions change. Mechanical cam phasing approaches significantly offer timing variations of the valve operations, but utilize the same cam profile. Other valve control approaches have also been undertaken. Specific valve actuation strategies, such as Early Intake Valve Closing (EIVC), Late Intake Valve Closing (LIVC), Late Intake Valve Opening (LIVO), and Variable Max Valve Lift (VMVL) have been experimentally verified to improve engine performance. These approaches and strategies are well-described in the literature. [1, 2, 3, 4, 5, 6, 7, 8, 9] It should be noted that current cam valve train technology has evolved to an extremely welldeveloped and thoroughly tested system setting a very high standard for replacement technologies. [4] Valve actuation includes valve timing, valve lift, and the duration of lift (or dwell). A fully flexible valve actuator (FFVA) approach can maximize the performance of the engine. FFVA allows for tailored valve actuation over engine load, speed, ambient temperature, air pressure (altitude), fuel type, and other variables. FFVA provides a completely variable valve motion, including variable valve timing, variable lift, and variable duration, limited only by the dynamic performance of the valve actuator. In addition, as demonstrated below, valve trajectory can be arbitrarily designed, i.e., valve open to partial valve lift, then increased lift, then reduced lift, and finally valve closed (zero lift). The well-known benefits of FFVA are improved fuel economy, increased low-end torque, and reduced emissions. [10, 11] Two complementary methods for electromagnetic valve actuation exist: commanded-holding and commandedacceleration. In theory, both methods require only the initial energy input for operation. In detail, however, the power requirements and achievable dynamics of each method differ based upon the specific actuator properties such as force per current over the actuator stroke.
A commanded-holding actuator relies on stored mechanical spring potential energy to be released into kinetic energy of an armature for transition, then storing once again the kinetic energy into mechanical spring potential energy to be held until the next desired transition.
The control capabilities of this type of actuator are shown in Figure 2 indicating regions of strong control, near the end-of-stroke, and region of weak control away from the ends. In these regions of weak control, i.e., low force, control of the actuator is difficult. In addition to there being a weak force (small magnitude), the force is attraction-only (pull-only) since it is based upon electromagnetic reluctance attraction. This means the actuator cannot dynamically adjust the direction of applied force, i.e., it cannot repel (push away) the armature. A specific example of the commanded-holding actuator, the Pischinger design, uses solenoids to hold the valve either in the fully open or fully closed position while mechanical springs are in full compression [12] . When the solenoid releases the armature, the valve travels through the spring equilibrium point then decelerates to the end of the travel at which time another solenoid holds the armature in place.
In this way, electromagnetic force is used only to hold the solenoid and spring force is used to accelerate/ decelerate the valve. In order to achieve the fast transition times required at high rpm, the spring constant is tuned to a resonance of the combined mass of the armature and valve. The selection of solenoid actuation is well suited to this method because of the one-way actuation (holding) and the fixed stroke range of appreciable force. The disadvantage of this method is the dependence on resonant transition allows only variations in the timing, but not the lift or speed of transition. While holding force alone is adequate for actuation, the inability to push the armature requires complex control for soft valve seating [13] .
An actuator exhibiting aspects of both commandedholding and commanded acceleration is the singlephase multipole actuator. See, for example, reference 16. In this type of actuator, typically associated with moving permanent magnets, there are mid-stroke regions of valve stroke with useful force and, conversely, low force, as illustrated in Figure 3 . As in the previous actuator, control of the valve is difficult in regions of low force. In regions of high force, this actuator can both attract and repel the armature.
In contrast to both of the above actuators, the commanded-acceleration actuator electrically exerts a significant bi-directional thrust on the armature throughout the valve stroke, and then reclaims the kinetic energy through regeneration. This is shown in Figure 4 . As can be seen, the commanded acceleration profile actuator provides high force capabilities over the entire stroke. There are no dead spots where the valve is outside of the control of the actuator. This constant force capability greatly simplifies the control system and improves overall actuator performance in that the system response is much less dependent upon the position of the actuator, there is no requirement to avoid certain regions of operation, and the actuator has no areas of weak control which must be compensated.
The commanded-acceleration actuator, with force authority over the entire stroke, is capable of controlling the valve lift directly. A bi-directional force approach is also better suited to controlling the valve seating velocity. Potential difficulties with this method include obtaining enough force for high speed valve acceleration and maintaining reasonable power requirements. The benefits of the commanded-acceleration method include achieving the valve actuation strategies mentioned above utilizing variable valve lift, variable timing, and seating velocity control.
ACTUATOR DESIGN AND ELECTROMAGNETICS
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The electromagnetic actuator consists of stationary permanent magnets, stationary copper coils, and a moving steel plunger that transmits bi-directional forces to the valve. The valve actuator is very rugged in design and suitable for integration into commercial automobiles.
Experimental data presented below confirm basic operational capabilities, with both variable timing and lift. We have chosen to utilize a stock engine with stock engine components (valves, springs, etc.) instead of using highly specialized components made of exotic materials. This essentially amounts to a camless engine retrofit project and means the moving mass is relatively large. The project was initially focused on the intake valves since this provides the greatest performance gain in terms of fuel economy and low end performance. An exhaust valve actuator with increased peak force is certainly possible and is briefly mentioned below. The fully flexible single valve actuator design is shown in Figure 5 . There are essentially two magnetic circuits, one with permanent magnets and one with electromagnetic coils, which utilize some of the same components. These magnetic circuits are illustrated in Figure 6 and Figure 7 , which show the magnetic flux lines of each magnetic circuit. Note these magnetic circuits are different from those suggested by Lequesne. [17] Significant differences of the present design are improved permanent magnetic circuits (long axially magnetized permanent magnets instead of thin radially magnetized permanent magnets) and reduced coil inductance, especially for the double actuator design. For the single valve actuator, the magnets are rectangular prisms with a central cylinder removed. The motion of the ferromagnetic plunger is a result of the vector superposition of these magnetic flux lines and controlled by the current. For example, for the current polarity shown in Figure 7 . the permanent magnet (PM) flux above the plunger is reinforced by the coil flux and the flux below the plunger is canceled and the force on the plunger is upwards. By reversing the coil current direction, the flux in Figure 7 reverses (the flux in Figure  6 is constant) and the PM flux below the plunger is reinforced and the flux above the plunger is canceled resulting in a downward force. This is, in principle, a non-linear superposition of magnetic flux, since the materials may exhibit non-linear BH curves at the excitation levels involved. The limited spatial volume available for installing a single valve actuator on a cylinder head is a challenging constraint. For multi-valves per cylinder, installing two closely adjacent non-interfering actuators is even more challenging.
Therefore, an actuator configuration comprising a single actuator activating two valves (double valve actuator) was investigated and designed. 4 Note especially the magnetizations of the stationary permanent magnets and the stationary coils.
Since both valves are energized in a similar manner, the magnetic fluxes of the two actuators (permanent magnets and coils) reinforce and there is a single upper permanent magnet and single lower permanent magnet. The coils could be combined as one racetrack coil for common excitation and a single figure 8 coil for differential excitation. The two valves in a double actuator may be independently controlled, but since they do share magnetic flux, there is an influence of one on the other which must be accounted for in the actuator controls. Figure 14 shows a side view of the actuator mounted on a cylinder head. This view also shows the air intake extension which, for experimental purposes, permits unthrottled supply of fuel-air mixture for low-lift tests. 
ACTUATOR SIMULATION RESULTS
Magnetic finite element analysis software was used to compute the total electromagnetic actuator force (Lorentz force plus reluctance force) on each plunger as a function of current and position. Figure 15a shows the results of these calculations. [For convenience, the Lorentz force is defined as the force resulting from the actuator current and the reluctance force is defined as the current-independent force.] The center curve (with current turned off, defined as the reluctance force) shows a force that varies approximately linearly with the displacement from center (effectively a spring force with a negative spring constant). If the plunger is more open than closed, it tends to further open the valve. Alternatively, if the plunger is more closed than open, it tends to further close the valve. This actuator force provides a valve-closed holding force without expenditure of energy.
The magnetic reluctance force is modeled as a spring with a negative spring constant (k mag = -62.5N/mm). This force is intentionally partially balanced by the addition of a mechanical spring with positive spring constant (k mech = +60N/mm) and still allowing a zeropower valve-closed holding force. This power-free holding force can easily be adjusted for turbo charging and other purposes.
The addition of the linear mechanical springs adds a position-dependent force with constant slope (value = k mech ) to each of these three curves, effectively rotating all three. This raises the force at lift-off (at 0.0mm) by the amount labeled F 0 as shown. 
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The resultant actuator forces including all three contributions are presented in Figure 15b with the lift-off force of ~350N as shown. Note that using a lesser spring rate will cause a greater holding force, while using a greater spring rate will provide greater valve acceleration for faster transitions, but will require current to hold the valve in the closed position. Since the power associated with low current levels is small, this may be a desirable trade-off in some situations, i.e., for very high rpm designs.
Figure 15b.
Electromagnetic forces with the mechanical spring (k mech = +60N/mm) added to the system to (mostly) cancel the magnetic reluctance force.
With the addition of this spring, the electromagnetic lift-off force is equal to +350N as shown in the upper left corner of the figure. Note a small zero-power holding force of 10N exists at closed valve position (0mm). Additional closing forces could be provided actively or by choosing a smaller spring constant.
A high level of control during the valve trajectory allows various acceleration profiles to be utilized. Two important acceleration profiles are discussed in the reference. [15] The first profile is a traditional constant acceleration profile, which requires the minimum force applied to the valve to achieve the desired dynamics. The second profile is a linearly decreasing acceleration profile, which can be demonstrated to require the minimum electrical energy for the desired dynamics. [15] These two profiles are shown in Figure 16 . The solid curve is the constant force profile required to accomplish the transition in the allotted time. The dotted curve is the actuator acceleration which consumes the minimum energy to achieve the transition. As can be seen, the peak force required for the minimum energy profile is 50% greater than that required for the constant force curve. At low rpm, where low forces are required, the actuator would optimally operate with the minimum energy profile. However, as the rpm increases and greater forces are required to achieve the increasing demands of the valve dynamics, it may be required to transition to the constant force profile with its lower required peak force.
The energy savings of the minimum energy profile amounts to 25%. The performance of the actuator is critically dependent upon the total mass of the components that move with the valve. Using a stock automotive engine with stock engine components (valves, springs, etc.) has several favorable attributes, such as low component cost and ready component availability, but the trade-off is relatively large component mass. This was acceptable for this investigation for two primary reasons: the peak rpm with large mass is still acceptably high (greater than 5,000 rpm), and the improvement with lower masses is readily calculated. Figure 17 shows the breakdown of moving mass for the stock component actuator. It should be noted that in order to achieve an actuator with constant dynamic performance (acceleration of the moving mass at the desired speeds), the required force, current, and power scale with mass as follows,
. This indicates that minimizing the moving mass certainly has very significant benefits in force and required electrical power. [Note this scaling law assumes acceleration is dictated by the dynamic requirements of moving a certain distance in a certain time period.] Figure 18 and Figure 19 show the actuator required force and power as a function of engine rpm for the two acceleration profiles (fixed mass). Figure 20 shows a plot of achievable rpm as a function of mass (fixed force). Results indicate the actuator ideally can achieve 5,500 rpm using stock engine components and the minimum force profile. When the moving mass is reduced to 120g the actuator should achieve the desired 6,000 rpm.
In order to predict system response during high speed operation, a model was developed to determine the frequency response of the actuator modeled as a simple spring coupled mass with viscous damping. Note this analysis was performed with a greater moving mass (150g). The results are presented in Figure 21 which shows the actuator position response per unit current (mm/A) as a function of frequency (Hz). With the ability to activate the coils with currents up to 10A, a simple inspection of Figure 21 indicates that the actuator is capable of achieving significant response amplitudes at frequencies up to 150 Hz (6,000 rpm). A more complete prediction of valve performance will be achieved when the results of this model are coupled with a detailed Fourier analysis of the desired valve trajectory and with the anticipated reduction in moving mass.
Figure 21.
Actuator frequency response (displacement per current at a given frequency) for a mass = 150g. The predicted response is the solid line and the dots are measured data.
The presence of eddy currents in the actuator structure manifests itself in the form of viscous damping. This results in a reduction of the actuator performance, especially at greater speeds. The eddy currents can be reduced through appropriate design of the actuator conductive structures surrounding the magnetic paths in the actuator.
ACTUATOR CONTROLS
Actuator control was approached from two parallel viewpoints: traditional block diagram and bond graph analyses. The traditional block diagram model was developed in Simulink® with non-linear electromagnetic forces computed in Maxwell 3D® using a conventional PID controller as shown in Figure 22 . A mechanical spring is utilized to counter the actuator magnetic reluctance force, as discussed above. Figure 23 shows the difference between the desired and realized (simulated) valve trajectories indicating very close agreement. Figure 24 shows the force demanded from the actuator as a function of time. As shown, at 5,000 rpm the required force is well within the actuator's capabilities. This allows parameters such as actuator back-emf to be readily extracted. The results of a bond graph lumped parameter simulation show the practicality of this electromagnetic actuator. Specifically, the large moving mass (141g) associated with stock engine components can be exercised at over 4,000 rpm and still achieve wellcontrolled valve dynamics. These simulation results are in agreement with the traditional block diagram simulation discussed above with the detailed FEA magnetic forces used. Furthermore, these results and the block diagram simulation are in agreement with oncylinder head measurements.
The bond graph simulation for reduced moving mass, corresponding to non-stock engine components, shows that 6,000+ rpm is achievable, if the moving mass can be reduced to below 120g. This is, indeed, a significant reduction in mass, but it can be achieved with commercially available components. Table 1 below summarizes the double actuator operation with stock engine components on a single valve basis. Note since the power is reasonably small, the energy source could be a 12V battery. A voltage converter could be used as a convenience, but is not necessary for operation. The number of turns and wire gauge of the coils would simply be changed to lower the required voltage (along with the increase in required current). 
ACTUATOR BENCHTOP PERFORMANCE
A single valve actuator was constructed for bench testing utilizing the above design. Figure 29 shows the components of the actuator spread out before assembly and Figure 30 shows the assembled actuator. Figure 31 shows the actuator in a test set-up for measuring the position and force. Figure 32 and Figure 33 show the measured actuator force as a function of valve position and coil current. In the latter figure, the current is increased to its maximum value suitable for high speed engine operation (6,000 rpm). For these measurements, the upper and lower coils were energized in series (same current in both coils). Analyses have indicated that the same current in the upper and lower coils is close to, but is not quite, the optimal distribution of current. In the future, the coils could be energized using separate power supplies independently tailoring the current in the upper and lower coils to the valve position. This will lead to further improvements in actuator performance.
The force measurements were taken with an Omega DFG60-110 force gage, the position sensor measurements were taken with a Schaevitz MHR-250 LVDT, and the current measurements were made with a Tektronix A622 AC/DC Current Probe. The Lorentz forces were calculated by subtracting the reluctance forces (zero current forces) from the forces measured at each current value. 
ACTUATOR CYLINDER HEAD INSTALLATION
A double valve actuator was designed to control the intake valves on a Ford Duratec 2.3L in-line 4 cylinder, 16 valve engine, as shown in Figure 34 . The assembled actuator is shown in Figure 35 . Initially, the actuator is mounted on the last cylinder position, i.e., the one furthest away from the timing belt, as shown in Figure 36 . Actuator control of a single cylinder operation is an important milestone and should be demonstrated first, followed by control of all four cylinders. To this end the camshaft was cut short, removing the lobes for the fourth cylinder and leaving the lobes for three cylinders, Actuator Springs Load as shown in Figure 37 . The camshaft oil cover was modified to allow the actuator to be mounted next to the working camshaft for the first three cylinders. Modified pocketed pistons, shown in Figure 38 , were installed to ensure piston-valve clearance at all times and allow for uncontrolled actuator excursions possible during testing. If valve control breaks down or an actuator misfires, the valve will not interfere with the piston. A digital switched mode power amplifier was used to energize the actuator. The current sensors used to measure the actual current in the coils were LEM LTS6-NP. The actual and commanded currents are compared in a digital PID (Proportional-Integral-Derivative) closedloop controller to adjust the PWM (Pulse Width Modulation) duty cycle. PWM applies variable duty cycle pulses of either polarity (positive or negative) across the coils to drive the desired current.
ON-HEAD VALVE LIFT MEASUREMENTS
As discussed above, valve lift profiles can be arbitrarily controlled. For convenience, initial valve profiles are taken to have opening transitions, constant open dwell times and closing transitions. A sample lift profile is illustrated in Figure 39 . 12 Routine actuator position measurements are performed with the LVDT described above. For precise laboratory measurements, the position and velocity were measured with a Polytec OFV-303 Laser Doppler Vibrometer operating at 20kHz. The ultimate goal, however, is to have a sensorless actuator. As mentioned above, the Bond Graph analyses support development of sensorless control actuator. The physical reality is that the magnetically reluctant actuator is essentially a LVDT and hence should allow accurate sensorless measurements and control.
Sensorless control development, though, will be postponed until more is understood about the application and actuator dynamics. Actuator operation demonstrating various combinations of lifts and dwells.
As a further demonstration of the flexibility of the actuator control in achieving arbitrary waveforms, the actuator commanded the valve open through a controlled series of positions as follows: 0mm, 5mm, 8mm, 3mm, and finally closed once again (0mm). These particular steps were chosen arbitrarily and the actuator could have been program to achieve any arbitrary lift profile within its bandwidth. The results of this demonstration are presented in Figure 43 . For control of the valve during these measurements, the valve was basically assumed to be a spring-coupled moving mass with viscous damping and Coulomb friction.
Valve position PD (proportional-derivative) control was implemented with velocity feedback and a feed-forward current command component was used for friction compensation. The feed-forward approach was used since friction was relatively constant and could be anticipated and compensated.
The remaining commanded current component was determined by the PD controller. The valve velocity was fed-back as the derivative term.
The magnetic (negative) and the mechanical (positive) springs approximately canceled each other, although the non-linear magnetic spring was stronger near the end of stroke.
DYNAMOMETER MEASUREMENTS
Final on-engine actuator tests will be performed on an M&W P-6500 dynamometer. For baseline performance tests, an unmodified engine was exercised and measured on the dynamometer. By intent, high speed cycle-by-cycle performance data will enable quick tuning of the actuator performance to match the camshaft-driven cylinders. In response to these measurements, adjustments to the EVA trajectory will be made to improve its performance. As of this writing, the on-cylinder head tests are finishing and the actuator is being transitioned to the engine for dynamometer testing to compare with the baseline engine tests.
During a complete engine cycle, useful work is done during the combustion power stroke. The measured PV (cylinder pressure vs. cylinder volume) curve, shown in Figure 48 , is the baseline engine work per cycle and is measured by the net enclosed area of the curve. On the plot the power stroke provides work output and is represented by a clockwise traversal, i.e., the open loop of data, and the compression portion of the cycle requires work input and is traversed in a counterclockwise manner. 
FUTURE WORK
Future work includes the following:
1. Installing the actuator on a single cylinder of an engine for dynamometer testing; then installing it on multiple engine cylinders. 2. Implementing low moving-mass engine components (mass reduction to 108 g identified).
3. Designing an exhaust valve actuator variant concentrating on high peak force capability by increasing Lorentz forces to quickly open the exhaust valve at reduced stroke length. 4. Developing sensorless actuator control.
CONCLUSIONS
In summary, a new electromagnetic actuator capable of controlling the intake valves on an internal combustion engine was designed, manufactured, and demonstrated. The ability to control the force over the entire range of motion provides the capability to specifically tailor the lift profile for all speed and load conditions. This will also enable the elimination of the throttle. The control electronics were demonstrated to open and close the valve in a wide variety of lift heights and dwell times. This new capability will provide a significant improvement in engine performance in terms of low end torque, emissions, and fuel economy.
Based upon the analyses and measurements performed, this fully flexible electromagnetic valve actuator will operate up to 5,000 rpm on the intake valves using stock engine components. Utilizing low mass valve components will enable actuator operation at over 6,000 rpm. An exhaust valve actuator is possible through optimizing the specific actuator design for increased peak force. The next step in development of this technology will be installing the electromagnetic actuator on a multicylinder multi-valve engine and utilizing the actuator to control intake gas exchange during engine operation. This demonstration is currently being performed.
